The purpose of this study was to determine the effect of respiratory muscle fatigue on intercostal and forearm muscle perfusion and oxygenation in patients with heart failure. Five clinically stable heart failure patients with respiratory muscle weakness (age, 66±12 years; left ventricle ejection fraction, 34±3%) and nine matched healthy controls underwent a respiratory muscle fatigue protocol, breathing against a fixed resistance at 60% of their maximal inspiratory pressure for as long as they could sustain the predetermined inspiratory pressure. Intercostal and forearm muscle blood volume and oxygenation were continuously monitored by near-infrared spectroscopy with transducers placed on the seventh left intercostal space and the left forearm. Data were compared by two-way ANOVA and Bonferroni correction. Respiratory fatigue occurred at 5.1±1.3 min in heart failure patients and at 9.3±1.4 min in controls (P,0.05), but perceived effort, changes in heart rate, and in systolic blood pressure were similar between groups (P.0.05). Respiratory fatigue in heart failure reduced intercostal and forearm muscle blood volume (P,0.05) along with decreased tissue oxygenation both in intercostal (heart failure, --2.6±1.6%; controls, +1.6±0.5%; P,0.05) and in forearm muscles (heart failure, --4.5±0.5%; controls, + +0.5±0.8%; P,0.05). These results suggest that respiratory fatigue in patients with heart failure causes an oxygen demand/delivery mismatch in respiratory muscles, probably leading to a reflex reduction in peripheral limb muscle perfusion, featuring a respiratory metaboreflex.
Introduction
Along with a limited ability to increase cardiac output, increased pulmonary capillary pressure and skeletal myopathy, respiratory muscle fatigue is considered a key factor contributing to the diminished exercise capacity observed in patients with heart failure (HF) (1, 2) . The main mechanism linking respiratory muscle fatigue to reduced exercise capacity seems to depend on the activation of a respiratory muscle metaboreflex. The stimulation of ergoreceptors sensitive to accumulation of metabolites within respiratory skeletal muscle reflexively increases sympathetic outflow, which limits the increase of blood flow to working muscle, causing reduced perfusion of locomotor muscles and leading to fatigue (3) (4) (5) . The unloading of respiratory muscle prevents respiratory fatigue, reducing reflex sympathetic activation and allowing for increased blood flow to locomotor muscles (6, 7) . The proposed trigger for the metaboreflex is accumulation of metabolites within respiratory muscle caused by an oxygen demand/delivery mismatch (3, 8) , but so far the patterns of respiratory blood flow and oxygenation during respiratory fatigue in patients with heart failure have not been described. Therefore, this study was designed to determine the effect of respiratory muscle fatigue on intercostal and forearm muscles blood volume and oxygenation in HF patients.
Material and Methods

Patients
Patients with HF were eligible to participate in this study if they were functional class II or III (New York Heart Association), had a left ventricular ejection fraction ,50%, respiratory muscle weakness (defined as maximal inspiratory pressure #70% of predicted value), were clinically stable, and had had no change in medication in the previous 3 months. Patients with a history of primary pulmonary disease, expired volume in 1 s/forced vital capacity ,70%, a smoking habit in the previous 3 months, diabetes mellitus, unstable angina, significant cardiac arrhythmias or myocardial infarction within the previous 6 months, or had previously participated in any cardiac rehabilitation program were excluded. All subjects abstained from heavy exercise and caffeine prior to testing. A group of age-matched healthy subjects was tested as controls. The study complied with the Declaration of Helsinki, the protocol was approved by the Institutional Ethics Committee of Universidade Federal Fluminense, and informed consent was obtained from all subjects. The required minimum sample size of 5 subjects per group was calculated for a 2-sided test for independent samples, assuming a size effect of 4.3% and mean standard deviation of 2.3% for a= 0.05 and a power of 0.80.
Experimental protocol and measurements
Maximal inspiratory pressure was measured with a pressure transducer (MVD-300 V.1.1 Microhard System, Globalmed, Brazil) connected to a system with two unidirectional valves (DHD Inspiratory Muscle Trainer, USA). Fatigue was induced by a protocol where the patients breathed for as long as they could against a resistance established at 60% of their maximal inspiratory pressure (Threshold Inspiratory Muscle Training, Heathscan Products Inc., USA), corresponding to an absolute inspiratory pressure of 23-42 cmH 2 O. Fatigue was indicated by inability of the patient to achieve at least 80% of the predetermined inspiratory pressure during three consecutive breaths. Intercostal and limb muscle blood volume and oxygenation were continuously recorded by near-infrared spectroscopy (NIRS; Oxiplex TS, ISS, USA) using transducers having a fixed 3-cm distance between the light source and detector. The transducers were placed over the seventh left intercostal space as described by Vogiatzis et al. (9) , between the anterior axillary line and the midclavicular line beyond the insertion of serratus anterior, and on the ventral surface of the left forearm. NIRS estimates local microvascular concentration of oxyhemoglobin+ +myoglobin (oxy-Hb) and deoxyhemoglobin+ +myoglobin by measuring light absorbency at 850 and 760 nm, respectively. Muscle blood volume was estimated by total hemoglobin/myoglobin and muscle oxygenation by the proportion of oxy-Hb to total Hb. During the respiratory fatigue protocol, arterial oxygen saturation (SpO 2 ) was measured continuously by finger pulse oximetry (Morrya-M1000, Brazil), and the perceived effort was quantified by the 0-10 Borg scale. Body mass index (BMI) was calculated and defined as the ratio between the body weight in kilograms and the square of the height in meters.
Baseline values were considered as the mean of the last 3 min before the fatigue protocol started, and recovery was the mean of the first minute after completing the protocol. NIRS results are reported as the mean of the values obtained during the first, second, and third minutes of the protocol and the ''fatigue'' point was considered as the average of the last 3 s before fatigue occurred. Results are reported as means±SD, except for SpO 2 , which is reported as median and extreme values. Data were compared by two-way ANOVA followed by the Bonferroni post hoc test, where group (HF patients and healthy controls) and moment (baseline, each minute, fatigue, and recovery) were the main factors.
Results
Five clinically stable HF patients with respiratory muscle weakness were included (4 males and 1 female, 66±12 years of age, BMI 27.6±0.6 kg/m 2 , left ventricular ejection fraction 34±3%). The mean maximal inspiratory pressure was 61±13% of the predicted value. The etiology was ischemic cardiomyopathy in three patients and nonischemic in two. All patients received the optimal recommended treatment for HF, including renin-angiotensin system antagonists (5/5), aldosterone antagonists (5/5), beta-blockers (4/5), diuretics (3/5), hydralazine (3/ 5), statins (5/5) and acetylsalicylic acid (4/5). Nine healthy subjects without respiratory muscle weakness (6 males, 3 females, 65±13 years of age, BMI 27.4±0.7 kg/m 2 , mean maximal inspiratory pressure 95±20% predicted value) were enrolled in the study as controls.
Patients with HF developed respiratory fatigue earlier (5.1±1.3 min) in the respiratory protocol than controls (9.3±1.4 min; P,0.05). Figure 1 shows that during respiratory fatigue, changes in heart rate (HF, 22±5 bpm; controls, 24±4 bpm), perceived effort (HF, 8±1 units; controls, 8±1 units), and systolic blood pressure (HF, 22±2 mmHg; controls, 23±1 mmHg) were similar between groups (P.0.05). SpO 2 was lower (P,0.05) in patients with HF [pre, 96% (94-97%); fatigue, 95% (95-96%)] than in healthy controls [pre, 97% (96-98%); fatigue, 97% (96-98%)], but did not change during the protocol (P.0.05). Figure 2 shows that at respiratory fatigue, blood volume (left panels) and tissue oxygenation (right panels) decreased in both intercostal (upper panels) and forearm muscles (lower panels) only in patients with HF (P,0.05).
Discussion
To our knowledge, this is the first study to investigate the triggering mechanism of the respiratory metaboreflex response during respiratory muscle fatigue in patients with HF. We tested the hypothesis that there would be a reduction in intercostal muscle oxygenation during respiratory fatigue with onset of the metaboreflex response in patients with HF. Our results showed a significant reduction in intercostal and forearm muscle oxygen saturation from rest to fatigue in the HF group, which was not observed in the healthy group. It can be inferred from these results that the increased work of the respiratory muscles led to fatigue and the accumulation of local metabolites, which triggered a metaboreflex response generating a reflex peripheral vasoconstriction response.
Reduced exercise capacity is a major feature in individuals with HF (1) and a powerful predictor of mortality (2,10). The mechanisms involved in this impaired ability to perform exercise encompass both central and peripheral mechanisms, such as blunted increase in cardiac output, increased sympathetic drive (11), altered distribution of blood flow, skeletal muscle atrophy, and metabolic changes (12, 13) . In addition, respiratory dysfunction has been recognized as an integral part of the HF syndrome due to increase in capillary wedge pressure, leading to impaired alveolar gas exchange. Accordingly, respiratory dysfunction has been shown to represent an independent risk factor for overall mortality (2). The mechanisms responsible for fatigue and dyspnea in HF patients are multifactorial and include intrinsic respiratory muscle fiber abnormalities (14, 15) . Typical histological changes include muscle atrophy, changes in myofibrillar protein composition with increase in the proportion of type II fatigable fibers, decreases in oxidative enzymes (type I fibers), and reductions in mitochondrial size and number (15, 16) .
In addition to these established respiratory mechanisms in HF, Dempsey et al. (3, 4) proposed that respiratory metaboreflex plays a major role in contributing to the reflex increase in sympathetic activity that is triggered by the buildup of metabolites within respiratory muscle fibers produced during contraction. This is analogous to the so-called exercise pressor reflex, where the accumulation of metabolites in appendicular skeletal muscles increases afferent signals through sensitive type III and IV fibers and augments reflex sympathetic drive (5). The experimental evidence for a respiratory metaboreflex includes the observation in anesthetized rats that fatigue of the diaphragm increases the firing rate of type IV afferent metaboreceptors from this muscle, while the activity of type III mechanoreceptors is not Figure 1 . Changes in heart rate (A), perceived effort (B), systolic blood pressure (SBP) (C), and diastolic blood pressure (DBP) (D) during the respiratory fatigue protocol in patients with heart failure and in healthy controls. Data are reported as means±SD. Fatigue: average of the last 3 s before fatigue occurred; REC: recovery. *P,0.05 fatigue vs baseline (two-way ANOVA followed by the Bonferroni post hoc test). Figure 2 . Changes in tissue blood volume (A and C) and oxygenation (B and D) at intercostal and forearm muscles during respiratory muscle fatigue in patients with heart failure and in healthy controls. Data are reported as means±SD. Fatigue: average of the last 3 s before fatigue occurred; REC: recovery. *P,0.05 fatigue vs baseline (two-way ANOVA followed by the Bonferroni post hoc test).
altered (8) . In healthy humans, respiratory exercise with a load equivalent to 60% of maximum inspiratory and expiratory pressures increased sympathetic nerve discharge (directly measured in the peroneal nerve), and reduced blood flow to the limb at rest (17, 18) . Similar effects have also been shown in patients with HF (7, 19, 20) .
The present results showing reduced intercostal and forearm perfusion and tissue oxygenation in patients with HF could be explained by mechanisms other than the activation of the respiratory metaboreflex operating during the respiratory fatigue protocol, such as reduction of overall tissue perfusion and decrease in SpO 2 . By definition, patients with HF have systolic dysfunction (decreased left ventricular ejection fraction at rest) and thus limited capacity to increase systemic blood flow during exercise. However, the similar increase in blood pressure during the respiratory fatigue protocol in both groups suggests that patients with HF had preserved capacity to increase systemic blood flow at this level of effort. Another potential mechanism to explain the present results would be a decrease in arterial oxygen saturation during the protocol, leading to reduced tissue oxygenation to intercostal and forearm muscles. Although SpO 2 was lower in patients with HF, it did not change during the respiratory protocol and thus cannot explain the differences appearing during this period. Altogether, the present results do not seem to be caused by a systemic effect on either blood flow or arterial oxygenation, but rather a local mechanism in intercostal muscle leading to decreased local muscle deoxygenation triggering a respiratory metaboreflex.
A similar increase in blood pressure during respiratory fatigue has been described previously in patients with HF (7, 18) . Intercostal and forearm muscles comprise a small mass and thus a very small portion of the systemic arterial circulation. Therefore, it is most likely that the increase in blood pressure during respiratory fatigue was caused by similar elevations in cardiac output in the face of unchanged systemic vascular resistance in both groups. This suggests that the observed changes in intercostal muscle were not a systemic but a local effect of respiratory effort.
Near-infrared spectroscopy has been used as a tool for assessment of muscle oxygenation and validated as a reliable, noninvasive method for analysis of blood volume in the intercostal muscles of healthy subjects (17). Vogiatzis et al. (9) used the same method to study oxygenation in intercostal and vastus lateralis muscles in elite athletes during exercise. They observed that maximum exercise of the lower limbs reduced flow to the intercostal muscles, an effect not seen during equivalent hyperpnea at rest (9, 17) .
The present results provide original evidence that the metaboreflex during respiratory muscle fatigue in HF is triggered by an oxygen demand/delivery mismatch in respiratory muscles leading to a reflex reduction of perfusion of peripheral limb muscles.
